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Abstract: MERS-CoV is present in dromedary camels throughout the Middle East and Africa.
Dromedary camels are the primary zoonotic reservoir for human infections. Interruption of the
zoonotic transmission chain from camels to humans, therefore, may be an effective strategy to control
the ongoing MERS-CoV outbreak. Here we show that vaccination with an adjuvanted MERS-CoV
Spike protein subunit vaccine confers complete protection from MERS-CoV disease in alpaca and
results in reduced and delayed viral shedding in the upper airways of dromedary camels. Protection
in alpaca correlates with high serum neutralizing antibody titers. Lower titers of serum neutralizing
antibodies correlate with delayed and significantly reduced shedding in the nasal turbinates of
dromedary camels. Together, these data indicate that induction of robust neutralizing humoral
immune responses by vaccination of naive animals reduces shedding that potentially could diminish
the risk of zoonotic transmission.

Keywords: MERS-CoV; camels; vaccines; One Health

1. Introduction

Since the emergence of the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012,
there have been more than 2279 confirmed human cases and 806 deaths, yielding a case fatality ratio of
35% [1,2]. Nearly all cases either have occurred in or been exported from the Middle East. Dromedary
camels have been identified as the primary reservoir of MERS-CoV through multiple studies that have
employed combinations of diagnostic platforms, to include serology, molecular detection of viral RNA,
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and virus isolation [3-15]. Serologic studies suggest that MERS-CoV has been present in dromedary
camels for at least three decades in regions as wide ranging as the Middle East, North Africa, and East
Africa [16]. The outbreak among human populations has persisted—albeit in low numbers—despite a
lack of sustained human-to-human transmission [17,18]. Data from molecular epidemiologic studies
suggest that the outbreak has endured through multiple zoonotic spillover events from dromedary
camels to humans. Additionally, several studies in Saudi Arabia and Qatar have demonstrated a clear
epidemiologic link between camel and human populations [4,19-26].

Although MERS-CoV typically causes severe pneumonia in humans, the virus primarily infects
the upper respiratory tract of dromedary camels, from where viable virus is shed in high quantities
for approximately 7 days, and where viral RNA can be detected up to 35 days [27]. Occupational
exposure that involves close proximity to infected dromedary camels is a major risk factor for human
acquisition. This risk profile has been confirmed by studies in Saudi Arabia where camel herders and
slaughterhouse workers were much more likely than the general population to either have serologic
evidence of past exposure to MERS-CoV or develop MERS [20,26].

The high case fatality rate, continued zoonotic transmission, and sustained animal reservoir
of MERS-CoV underscore the need for intervention strategies focused on preventing zoonotic
transmission. Here, we evaluated the efficacy of an intramuscular, adjuvanted S1 subunit vaccine to
prevent infection or reduce shedding in dromedary camels (Camelus dromedarius) and alpaca (Vicugna
pacos).

2. Materials and Methods

2.1. Vaccine Development

DNA expression vectors were produced encoding the S1 portion of the Spike glycoprotein of
MERS-CoV England]1 strain (strain England1, GenBank ID: AFY13307) (Figure 1). Sequences were
reverse-translated and codon-optimized for human cell expression as described [28]. Proteins were
produced by transfecting Expi293 cells with the mammalian expression vector VRC8400 expressing
the codon-optimized S1 gene. Protein was purified from transfected cell culture supernatants with
HisTrap HP Hiload 16/60 Superdex columns (GE Healthcare, Piscataway, NJ, USA), and stored at
—80 °C in PBS until use.

2.2. Ethics Statement

All experiments were approved by the Colorado State University Institutional Animal Care and
Use Committee. Work with infectious MERS-CoV strains under BSL3 conditions was approved by the
Institutional Biosafety Committee (IBC). Inactivation and removal of samples from high containment
was performed according to IBC-approved standards.

2.3. Study Design

To evaluate the effect of vaccination on MERS-CoV shedding, we used both the actual animal
reservoir (camels) and a surrogate infection model (alpaca) [27,29]. Five MERS-CoV seronegative
dromedary camels and four alpaca were purchased by private sale for use in this study. All animals
were born in the United States and were all adult intact males for the Alpaca; one intact adult male,
one castrated adult male, and one adult female for the vaccinated dromedary camels; and three intact
male dromedary camels for the unvaccinated control animals. Animals were fed ad libitum, housed in
outdoor pens during immunization and moved into an Animal Biosafety Level 3 facility one week
prior to challenge to allow for acclimation to the facility.

Vaccinated animals were given 400 nug S1 protein combined with 40 mg Advax HCXL adjuvant (a
delta inulin formulation, Vaxine Pty Ltd., Bedford Park, SA, Australia), in two 1 mL intramuscular
injections given on each shoulder on day 0 and day 28, and then given 400 pg S1 protein in the
Sigma Adjuvant System (an oil-in-water emulsion, Sigma-Aldrich, St. Louis, MO, USA) on day 105.
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The Advax adjuvant was chosen for stimulating broad immunogenicity in dromedary camels [30],
the Sigma Adjuvant System for known induction of MERS-CoV neutralizing antibodies [28].

Animals were challenged with MERS-CoV strain HCoV/EMC /2012 in three groups along a
staggered schedule, due to facility limitations. Group 1 was inoculated 130 days after first vaccination
and consisted of vaccinated camel 3 (CA3), group 2 was inoculated 131 days after first vaccination
and consisted of unvaccinated camels 4 and 5 (CA4 and CA5) and vaccinated alpaca 1 and 2 (Al
and A2), and group 3 was inoculated 132 days after first vaccination and consisted of vaccinated
camels 1 and 2 (CA1 and CA2) and unvaccinated alpaca 3 and 4 (A3 and A4). Animals were sedated
with xylazine and then inoculated intranasally with a total dose of 10" TCIDs of a human isolate of
MERS-CoV (strain HCoV-EMC/2012) as described previously [27]. Camels were inoculated with 5 mL
per nare, and alpaca were inoculated with 3 mL per nare. All animals were evaluated at least once daily
for temperature, nasal discharge, activity level, and food consumption. Nasal swabs were collected
daily and placed immediately into viral transport medium or virus lysis buffer and then frozen
until processing. Animals were sedated on day 5 post-inoculation and humanely euthanized with
intravenous pentobarbital. The following tissues were collected for viral isolation and formalin-fixed
for immunohistochemistry and histopathology: nasal turbinates, larynx, trachea, lung (right apical,
left apical, right caudal, left caudal lobes), kidney, spleen, mediastinal and mesenteric lymph nodes and
muscle. Historical samples from a previously infected camel euthanized on day 5 post inoculation [27]
were included as an additional control (CA6). CA6 in the present study corresponds to camel 1 in the
publication by Adney et al. [27].
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Figure 1. Vaccine immunogens and neutralizing antibody responses. (A) Schematic representation
of the full MERS-CoV spike protein (top) and the S1 subunit used as antigen for vaccination
(bottom). (B) Schematic overview of the immunization timeline with the immunization (blue arrows),
serum sampling (red triangle), and challenge and euthanasia (black arrows) time points indicated.
(C) Neutralizing antibody titers in dromedary camels and alpacas vaccinated with adjuvanted
MERS-CoV S1 as determined by PRNT (90% neutralization).
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2.4. Immunization and Serology

Blood was collected on day 0, 21, 28, 35, 63, 98, 112 after first vaccination and at time of challenge
(day 130-132) into serum-separating tubes. Serum was analyzed for MERS-CoV neutralization activity
by plaque reduction neutralization test (PRNT) as described previously using a 90% neutralization
cutoff [27].

2.5. Virus Titration

Nasal swabs and tissue samples were titrated by plaque assay in Vero E6 cells. In short,
homogenized tissue was titrated in BA-1 medium and plaques were counted on both days 1 and 3
following the second overlay as described previously [27].

2.6. RNA Extraction and gRT-PCR

RNA was extracted from swabs, urine and fecal samples using the QiaAmp Viral RNA kit
(Qiagen). For detection of viral RNA, 5 uL of RNA was used in a one-step real-time RT-PCR upE assay
using the Rotor-GeneTM probe kit (Qiagen) as described previously. Standard dilutions of a titered
virus stock were run in parallel, to calculate TCIDs( equivalents in the samples.

2.7. MERS-CoV Spike Glycoprotein Sequencing

Total RNA from nasal turbinate tissue samples from dromedary camels and alpaca were extracted
using the RNeasy Mini Kit (Qiagen) and cDNAs were synthesized using random hexamers and the
High Capacity RNA to ¢cDNA Kit (Thermo Fisher, Waltham, MA, USA). cDNA was subsequently
used to PCR-amplify the MERS-CoV S using iProof High-Fidelity DNA Polymerase (Biorad, Hercules,
CA, USA) according to the manufacturer’s protocol; primer sequences are available upon request.
Sequences were assembled on SeqMan Pro (DNASTAR, Madison, WI, USA) and analyzed on
MegAlign (DNASTAR, Madison, WI, USA) by comparison to the MERS-CoV (strain HCoV-EMC/2012)
input sequence.

2.8. Histopathology and Immunohistochemistry

Dromedary camel and alpaca tissues were evaluated for pathology and presence of viral
antigens. Tissues were fixed for >7 days in 10% neutral-buffered formalin and placed in cassettes
and processed with a Sakura VIP-5 Tissue Tek, on a 12-hour automated schedule, using a graded
series of ethanol, xylene, and ParaPlast Extra. Embedded tissues are sectioned at 5 um and dried
overnight at 42 degrees C prior to staining. All tissues were processed for immunohistochemistry
using the Discovery XT automated processor (Ventana Medical Systems) with a DABMap (Ventana
Medical Systems) kit. To detect MERS-CoV antigen, immunohistochemistry was performed using a
rabbit polyclonal antiserum against HCoV-EMC /2012 (1:1000) as a primary antibody as described
previously [27]. Grading of histopathology and immunohistochemistry was done blinded by a
board-certified veterinary pathologist.

2.9. Statistical Analysis

p values were calculated in a 2-way ANOVA with Sidak’s multiple comparisons test using the
Prism software (Version 6.04, GraphPad, La Jolla, CA, USA). Statistically significant differences met a
threshold () of 0.05.

3. Results

3.1. Humoral Responses in Dromedary Camels and Alpaca Vaccinated against MERS-CoV

Three dromedary camels (CA1, CA2, CA3) and two alpaca (A1, A2) were vaccinated with an
adjuvanted S1-protein subunit vaccine. Three camels (CA4, CA5, CA6) served as unvaccinated controls;
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CAG is a historical control [27]. Two alpaca (A3, A4) served as unvaccinated controls for the alpaca
group. Animals were vaccinated on days 0 and 28 with 400 ug of S1 protein (Figure 1A) co-formulated
with 40 mg Advax™ HCXL adjuvant (Vaxine Pty Ltd, Adelaide, Australia) [30]. The admixed product
was delivered at each time point as two 1 mL intramuscular injections in each shoulder. All animals
were boosted on day 105 with 400 ug of S1 protein emulsified in Sigma Adjuvant System (Sigma Aldrich
Co. LLC. St. Louis, MO, USA) to complete a 0, 4-, and 15-week immunization schedule (Figure 1B).
Serum from vaccinated animals was collected and evaluated by plaque reduction neutralization test
(PRNT) with MERS-CoV strain HCoV-EMC /2012 (Figure 1C). On day 28 after priming vaccination,
low levels of MERS-CoV neutralizing antibodies were detected in two of three the camels (virus
neutralizing titers of 1:40, 1:10, and <10 respectively; Figure 1C). The day 28 boost did not result in
an increase in neutralizing titers in the PRNT assay and neutralizing titers decreased between the
second and third boost. The third immunization resulted in a quick increase in neutralizing titer in the
two camels that responded to the vaccine; neutralizing titers were high in these two camels by the
time of challenge. Neutralizing antibodies were not detected in CA3 (<1:10) at any point during the
experiment (Figure 1C). A stronger neutralizing response was observed in the alpaca after vaccination,
with virus neutralizing titers of 1:640 and 1:40 four weeks after the initial vaccination to end titers of
1:2560 and 1:640 at the time of challenge (Figure 1C).

3.2. Vaccine Efficacy in Preventing MERS-CoV Disease and Virus Shedding

Animals were challenged intranasally with 107 50% tissue culture infectious dose (TCIDsp) of
MERS-CoV (strain HCoV-EMC/2012) and euthanized and necropsied at 5 days post-inoculation (dpi).
Only the unvaccinated control camels developed mild clinical disease. Nasal discharge was observed
in concurrent control camels at 2 dpi, but quickly resolved. Observable nasal discharge was not
detected in the vaccinated camels nor in any of the alpaca. Minor temperature fluctuations were
detected in several of the camels and alpaca; however, there was no appreciable fever associated with
infection (Figure S1).

Virus shedding was first detected in nasal swabs from unvaccinated control camels at 1 dpi
and every day thereafter until euthanasia at 5 dpi (Figure 2A). Despite the presence of neutralizing
antibodies in two of the three vaccinated camels, all animals shed virus after challenge. The two
vaccinated camels with a detectable humoral immune response (CA1 and CA2) exhibited reduced
viral shedding through 4 dpi. At 5 dpi, there were no differences in MERS-CoV titers measured
in nasal swabs between vaccinated and control camels. The vaccinated camel without detectable
neutralizing antibody titers (CA3) did not shed virus on 1 dpi but otherwise exhibited virus shedding
kinetics that were similar to those of unvaccinated controls. Overall, infectious MERS-CoV titers
in nasal swabs differed statistically significantly between vaccinated and unvaccinated camels on 1
and 3 dpi (p < 0.05). In contrast to the camels, vaccination of alpaca resulted in complete protection
from MERS-CoV shedding. No infectious virus was detected in the nasal swabs collected from the
vaccinated alpaca (A1, A2), while infectious virus was detected in unvaccinated alpaca every day until
necropsy at 5 dpi (Figure 2B).
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Figure 2. Virus shedding in nasal swabs of vaccinated and unvaccinated dromedary camels and alpaca

after challenge with MERS-CoV. Nasal swabs were obtained from dromedary camels (A) and alpaca

(B) daily after MERS-CoV challenge and virus titers in swabs were determined in a plaque assay. Red

bars indicate vaccinated animals and blue bars indicate unvaccinated control animals. A dashed line

indicates the detection limit of the assay. Asterisks indicate statistically significant difference between

geometric mean titers (p < 0.05).

Infectious virus was detected in the nasal turbinates, larynx, and trachea of all unvaccinated
camels (Figure 3A), confirming that the virus stock prepared for challenge resulted in productive
infection. Additionally, infectious virus was detected in 1 of 4 lung lobes of CA6. All three vaccinated
camels had infectious virus in their nasal turbinates at titers similar to those of the unvaccinated camels.
However, virus titers in the larynx and trachea were significantly lower in the vaccinated camels than
in unvaccinated controls (Figure 3A). Viral RNA was also detected outside the respiratory tract of

camels, predominantly in the lymph nodes (Figure S2A).

Both unvaccinated alpaca had high titers of infectious virus present in their nasal turbinates and
lower titers in the larynx and trachea. Neither infectious virus nor viral RNA could be detected in the
respiratory tract tissues of the vaccinated alpaca (Figure 3B and Figure S2B). In the unvaccinated control
alpaca, low amounts of viral genomic RNA were detected outside the respiratory tract (Figure S2B).
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Figure 3. Infectious virus in respiratory tissues of vaccinated and unvaccinated dromedary camels
and alpaca after challenge with MERS-CoV. Dromedary camels (A) and alpaca (B) were euthanized
on 5 dpi, tissues were collected, and virus titers were determined in a plaque assay. Red bars indicate
vaccinated animals and blue bars indicate unvaccinated control animals. A dashed line indicates the
detection limit of the assay. Asterisks indicate statistically significant difference between geometric
mean titers (** p < 0.01; *** p < 0.0001). L: left; R: right.

3.3. Histopathological Changes in Vaccinated Versus Control Animals

All camels displayed, on histologic section, a multifocal, minimal-to-mild, acute rhinitis
(Figure 4A,G). The nasal turbinates exhibited a loss of cilia and cellular polarity, occasional necrotic
epithelial cells admixed with small numbers of neutrophils, and rare erosions of respiratory epithelium.
The underlying submucosa was infiltrated by small-to-moderate numbers of lymphocytes and plasma
cells with fewer macrophages and neutrophils. The non-responsive vaccinated camel, CA3, and control
CA4 displayed a minimal-to-mild multifocal acute tracheitis, as evidenced by a loss of individual
epithelial cells and cell polarity. Necrosis and infiltration of the epithelium by small numbers of
neutrophils were observed. None of the camels showed pathological changes in the lower respiratory
tract (Figure 4B,C,H,I). Inmunohistochemistry (IHC) demonstrated the presence of MERS-CoV antigen
in the epithelial cells of the nasal turbinates of CA1-5 (Figure 4D,]). Viral antigen was also detected in
the tracheal epithelial cells of CA3 and CA4, but not in CA1 or CA2 (Figure 4E).
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Figure 4. Histopathological changes in the respiratory tract of vaccinated and unvaccinated dromedary
camels after challenge with MERS-CoV. Nasal turbinate, trachea, and lung were collected from
vaccinated (A-F; CA3 shown) and unvaccinated control animals (G-L; CA5 shown) on 5 dpi and
stained with hematoxylin and eosin (A-C and G-I), or a polyclonal anti-MERS-CoV antibody panels
(D-F and J-L). MERS-CoV antigen is visible as a red brown staining in the immunohistochemistry
panel. Vaccinated and unvaccinated camel groups displayed multifocal, minimal-to-mild, acute rhinitis.
MERS-CoV antigen was primarily detected in the nasal turbinates. Magnification: 400 x.

Similar to the camels, the unvaccinated alpaca displayed a multifocal, minimal-to-mild, acute
rhinitis (Figure 5G) with loss of cilia and cellular polarity, occasional necrotic epithelial cells admixed
with small numbers of neutrophils, and rare erosions of respiratory epithelium. The subjacent
submucosa was infiltrated by small-to-moderate numbers of lymphocytes and plasma cells with
fewer macrophages and neutrophils. IHC confirmed the presence of MERS-CoV antigen within the
epithelial cells of the nasal turbinates of these control alpaca (Figure 5]). No histopathological changes
or MERS-CoV antigen were detected in any of the vaccinated alpaca (Figure 5G-L).
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Vaccinated Control

Figure 5. Histopathological changes in the respiratory tract of vaccinated and unvaccinated alpaca
after challenge with MERS-CoV. Nasal turbinate, trachea, and lung were collected from vaccinated
(A-F; Al shown) and unvaccinated control animals (G-L; A3 shown) on 5 dpi and stained with
hematoxylin and eosin (A-C and G-I), or a polyclonal anti-MERS-CoV antibody panels (D-F and
J-L). MERS-CoV antigen is visible as a red brown staining in the immunohistochemistry panel.
No histopathological changes were observed in the vaccinated alpaca whereas the unvaccinated
control alpaca displayed multifocal, minimal-to-mild, acute rhinitis. MERS-CoV antigen was only
detected in the nasal turbinates. Magnification: 400 x.

4. Discussion

Given the importance of the zoonotic reservoir of MERS-CoV in sustaining the current human
epidemic, strategies to interrupt the transmission from dromedary camels to humans may serve as
an effective countermeasure [31]. This strategy has been implemented in the setting of Hendra virus
infection in Australia, where vaccination of horses is aimed at interrupting the transmission chain of
Hendra virus from fruit bats to horses to humans [32]. Likewise, dromedary camels are the drivers
of zoonotic transmission of MERS-CoV and vaccination of dromedary camels to reduce shedding of
MERS-CoV would likely limit its potential for zoonotic transmission.

Large fractions of dromedary camels in the Middle East and North and East Africa have antibodies
specific to MERS-CoV [3,6,8,9,12,14,33,34]. The degree of protection from reinfection provided by these
antibodjies is currently unclear. Evidence points to the ability of MERS-CoV to re-infect dromedary
camels despite the presence of antibodies in serum, as MERS-CoV seropositive camels that still shed
detectable MERS-CoV from the respiratory tract have been found in the Middle East [8]. However,
a correlation between strong humoral responses in seropositive adult dromedary camels and low
prevalence of MERS-CoV was observed in Jordan, whereas seropositive young camels <3 years old
with weaker humoral responses displayed high MERS-CoV prevalence [34], suggesting that antibodies
against MERS-CoV afford some protection from reinfection or virus shedding. This observation also
suggests that younger animals are the main driving force behind the circulation of MERS-CoV and
should be the primary target for vaccination strategies.
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This study highlights several important issues to consider when developing a dromedary camel
vaccine against MERS-CoV. First of all, virus shedding was reduced, but not completely absent in
the presence of antibodies in dromedary camels after vaccination. However, virus replication in
vaccinated animals was largely confined to the nasal turbinates, whereas the MERS-CoV replication
in unvaccinated animals extended deeper down the respiratory tract into the trachea. In a study
using intranasal administration of a modified vaccinia virus Ankara virus vector vaccine expressing
full length Spike protein, delayed shedding was also observed in one of the vaccinated dromedary
camels [35]. After vaccination, low neutralizing antibody titers were detected in the upper respiratory
tract. The apparent low neutralizing capacity of the upper respiratory tract combined with continuous
exposure to MERS-CoV (from co-housed animals) could potentially deplete the neutralizing capacity
by scavenging the available neutralizing antibodies until the neutralizing capacity is sufficiently
reduced to allow for virus replication. Therefore, vaccine platforms aimed specifically at inducing high
levels of mucosal immunity or those that induce humoral as well as cellular immunity may be required
for complete protection. In-depth studies to determine the correlates of protection in dromedary
camels would aid the development of better-targeted vaccines, especially the correlation of levels
of neutralizing antibodies in the serum vs. protection against MERS-CoV in the upper respiratory
tract. Second, the response to vaccination in dromedary camels varies widely, as one out of three
camels in the present study did not respond to vaccination at all. This camel was a ten-year-old male,
housed in a pen adjacent to a mature female. Most of the vaccination schedule coincided with the
mating period of this camel. Thus, it is possible, though unclear, that reproductive status impacted
the camel’s immune response. Variable neutralizing responses after MERS-CoV vaccination have
been reported in a previous dromedary camel vaccine study. One animal in a group of three failed
to mount a detectable neutralizing response after vaccination with a DNA vaccine expressing full
length Spike protein [36]. Vaccine development efforts should thus focus on vaccine platforms that
uniformly induce immunity in dromedary camels. Finally, intranasal challenge with MERS-CoV
yielded distinctly different outcomes in the alpaca and dromedary camels. Upon viral challenge,
both immunized alpaca were completely protected from MERS-CoV infection. Thus, although alpaca
are an attractive alternative experimental model to dromedary camels since MERS-CoV replication
dynamics in alpaca appear to be similar to those in dromedary camels [29,37] but alpaca are easier to
obtain and house, vaccine efficacy ultimately has to be confirmed in the dromedary camel model.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/3/212/
sl.

Author Contributions: Conceptualization, K.M., B.S.G., R A.B. and V.J.M.; Methodology, D.R.A., LW., W.S,,
Y.Z., W-PK,, N.v.D.,, M.RM., T.B,, D.S. and E.d.W.; Software, D.R.A. and E.d.W.,; Validation, KM., B.S.G., R.A.B.
and V.J.M.; Formal Analysis, D.R.A.; Resources, N.P; Data Curation, D.R.A., N.v.D,, LW, Ed.W. and D.S;
Writing—Original Draft Preparation, D.R.A., E.d.W., R.A.B. and V.J.M.; Writing—D.R.A., E.d.W., KM,, BS.G,,
R.A.B. and V.J.M.; Visualization, D.R.A., E.d.W. and D.S.; Supervision, R.A.B. and V.J.M.

Funding: This work was supported by the Intramural Research Program of the National Institute of Allergy and
Infectious Diseases (NIAID), National Institutes of Health (NIH), and the Animal Models Core at Colorado State
University. D.R.A. was supported by the Infectious Disease Translational Research Training Program at Colorado
State University.

Acknowledgments: The authors would like to thank Rick Brandes, Greg Harding, and Amy Richardson for
their assistance with animal care (Colorado State University); Tina Thomas, Dan Long, and Rebecca Rosenke for
histopathology, and Anita Mora for figure preparation (NIAID).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO. Middle East Respiratory Syndrome Coronavirus (MERS-CoV). Available online: http://www.who.
int/emergencies/mers-cov/en/ (accessed on 1 December 2018).


http://www.mdpi.com/1999-4915/11/3/212/s1
http://www.mdpi.com/1999-4915/11/3/212/s1
http://www.who.int/emergencies/mers-cov/en/
http://www.who.int/emergencies/mers-cov/en/

Viruses 2019, 11, 212 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zaki, AM.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.; Fouchier, R.A. Isolation of a novel
coronavirus from a man with pneumonia in Saudi Arabia. N. Engl. J. Med. 2012, 367, 1814-1820. [CrossRef]
[PubMed]

Alagaili, A.N.; Briese, T.; Mishra, N.; Kapoor, V.; Sameroff, S.C.; de Wit, E.; Munster, V.J.; Hensley, L.E,;
Zalmout, 1.S.; Kapoor, A.; et al. Middle East Respiratory Syndrome Coronavirus Infection in Dromedary
Camels in Saudi Arabia. mBio 2014, 5, e00884-14. [CrossRef] [PubMed]

Azhar, E.I; Hashem, A.M.; El-Kafrawy, S.A.; Sohrab, S.S.; Aburizaiza, A.S.; Farraj, S.A.; Hassan, A.M.;
Al-Saeed, M.S.; Jamjoom, G.A.; Madani, T.A. Detection of the Middle East Respiratory Syndrome Coronavirus
Genome in an Air Sample Originating from a Camel Barn Owned by an Infected Patient. mBio 2014, 5,
e01450-14. [CrossRef] [PubMed]

Chu, D.K;; Poon, L.L.; Gomaa, M.M.; Shehata, M.M.; Perera, R.A.; Abu Zeid, D.; El Rifay, A.S; Siu, L.Y,;
Guan, Y.; Webby, R.J.; et al. MERS coronaviruses in dromedary camels, Egypt. Emerg. Infect. Dis. 2014, 20,
1049-1053. [CrossRef] [PubMed]

Corman, V.M,; Jores, J.; Meyer, B.; Younan, M.; Liljander, A.; Said, M.Y.; Gluecks, I.; Lattwein, E.; Bosch, B.].;
Drexler, ].F; et al. Antibodies against MERS coronavirus in dromedary camels, Kenya, 1992-2013. Emerg.
Infect. Dis. 2014, 20, 1319-1322. [CrossRef] [PubMed]

Haagmans, B.L.; Al Dhahiry, S.H.; Reusken, C.B.; Raj, V.S.; Galiano, M.; Myers, R.; Godeke, G.J.; Jonges, M.;
Farag, E.; Diab, A,; et al. Middle East respiratory syndrome coronavirus in dromedary camels: An outbreak
investigation. Lancet Infect. Dis. 2014, 14, 140-145. [CrossRef]

Hemida, M.G.; Chu, D.K.; Poon, L.L.; Perera, R.A.; Alhammadi, M.A.; Ng, HY,; Siu, L.Y;; Guan, Y;;
Alnaeem, A.; Peiris, M. MERS Coronavirus in Dromedary Camel Herd, Saudi Arabia. Emerg. Infect. Dis.
2014, 20, 1231-1234. [CrossRef] [PubMed]

Hemida, M.G.; Perera, R.A.; Al Jassim, R.A.; Kayali, G.; Siu, L.Y,; Wang, P.; Chu, KW.,; Perlman, S.; Ali, M.A;
Alnaeem, A; et al. Seroepidemiology of Middle East respiratory syndrome (MERS) coronavirus in Saudi
Arabia (1993) and Australia (2014) and characterisation of assay specificity. Euro Surveill. 2014, 19, 20828.
[CrossRef] [PubMed]

Meyer, B.; Muller, M.A.; Corman, V.M.; Reusken, C.B.; Ritz, D.; Godeke, G.J.; Lattwein, E.; Kallies, S.;
Siemens, A.; van Beek, J.; et al. Antibodies against MERS coronavirus in dromedary camels, United Arab
Emirates, 2003 and 2013. Emerg. Infect. Dis. 2014, 20, 552-559. [CrossRef] [PubMed]

Muller, M.A.; Corman, V.M.; Jores, J.; Meyer, B.; Younan, M.; Liljander, A.; Bosch, B.J.; Lattwein, E.; Hilali, M.;
Musa, B.E.; et al. MERS coronavirus neutralizing antibodies in camels, Eastern Africa, 1983-1997. Emerg.
Infect. Dis. 2014, 20, 2093-2095. [CrossRef] [PubMed]

Perera, R.; Wang, P.; Gomaa, M.; El-Shesheny, R.; Kandeil, A.; Bagato, O.; Siu, L.; Shehata, M.; Kayed, A.;
Moatasim, Y.; et al. Seroepidemiology for MERS coronavirus using microneutralisation and pseudoparticle
virus neutralisation assays reveal a high prevalence of antibody in dromedary camels in Egypt, June 2013.
Euro Surveill. 2013, 18, 20574. [CrossRef] [PubMed]

Raj, V.S,; Farag, E.A.; Reusken, C.B.; Lamers, M.M.; Pas, S.D.; Voermans, J.; Smits, S.L.; Osterhaus, A.D.;
Al-Mawlawi, N.; Al-Romaihi, H.E.; et al. Isolation of MERS coronavirus from a dromedary camel, Qatar,
2014. Emerg. Infect. Dis. 2014, 20, 1339-1342. [CrossRef] [PubMed]

Reusken, C.B.; Messadi, L.; Feyisa, A.; Ularamu, H.; Godeke, G.J.; Danmarwa, A.; Dawo, E; Jemli, M.;
Melaku, S.; Shamaki, D.; et al. Geographic distribution of MERS coronavirus among dromedary camels,
Africa. Emerg. Infect. Dis. 2014, 20, 1370-1374. [CrossRef] [PubMed]

Sabir, J.S.; Lam, T.T.; Ahmed, M.M.; Li, L.; Shen, Y.; Abo-Aba, S.E.; Qureshi, M.I.; Abu-Zeid, M.; Zhang, Y.;
Khiyami, M.A.; et al. Co-circulation of three camel coronavirus species and recombination of MERS-CoVs in
Saudi Arabia. Science 2016, 351, 81-84. [CrossRef] [PubMed]

de Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging
coronaviruses. Nat. Rev. Microbiol. 2016, 14, 523-534. [CrossRef] [PubMed]

Cauchemez, S.; Nouvellet, P; Cori, A.; Jombart, T.; Garske, T.; Clapham, H.; Moore, S.; Mills, H.L.; Salje, H.;
Collins, C.; et al. Unraveling the drivers of MERS-CoV transmission. Proc. Natl. Acad. Sci USA 2016, 113,
9081-9086. [CrossRef] [PubMed]

Nishiura, H.; Miyamatsu, Y.; Chowell, G.; Saitoh, M. Assessing the risk of observing multiple generations
of Middle East respiratory syndrome (MERS) cases given an imported case. Euro Surveill 2015, 20, 21181.
[CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa1211721
http://www.ncbi.nlm.nih.gov/pubmed/23075143
http://dx.doi.org/10.1128/mBio.01002-14
http://www.ncbi.nlm.nih.gov/pubmed/24570370
http://dx.doi.org/10.1128/mBio.01450-14
http://www.ncbi.nlm.nih.gov/pubmed/25053787
http://dx.doi.org/10.3201/eid2006.140299
http://www.ncbi.nlm.nih.gov/pubmed/24856660
http://dx.doi.org/10.3201/eid2008.140596
http://www.ncbi.nlm.nih.gov/pubmed/25075637
http://dx.doi.org/10.1016/S1473-3099(13)70690-X
http://dx.doi.org/10.3201/eid2007.140571
http://www.ncbi.nlm.nih.gov/pubmed/24964193
http://dx.doi.org/10.2807/1560-7917.ES2014.19.23.20828
http://www.ncbi.nlm.nih.gov/pubmed/24957744
http://dx.doi.org/10.3201/eid2004.131746
http://www.ncbi.nlm.nih.gov/pubmed/24655412
http://dx.doi.org/10.3201/eid2012.141026
http://www.ncbi.nlm.nih.gov/pubmed/25425139
http://dx.doi.org/10.2807/1560-7917.ES2013.18.36.20574
http://www.ncbi.nlm.nih.gov/pubmed/24079378
http://dx.doi.org/10.3201/eid2008.140663
http://www.ncbi.nlm.nih.gov/pubmed/25075761
http://dx.doi.org/10.3201/eid2008.140590
http://www.ncbi.nlm.nih.gov/pubmed/25062254
http://dx.doi.org/10.1126/science.aac8608
http://www.ncbi.nlm.nih.gov/pubmed/26678874
http://dx.doi.org/10.1038/nrmicro.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27344959
http://dx.doi.org/10.1073/pnas.1519235113
http://www.ncbi.nlm.nih.gov/pubmed/27457935
http://dx.doi.org/10.2807/1560-7917.ES2015.20.27.21181
http://www.ncbi.nlm.nih.gov/pubmed/26212063

Viruses 2019, 11, 212 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Al Hammadi, Z.M.; Chu, D.K.; Eltahir, Y.M.; Al Hosani, F.; Al Mulla, M.; Tarnini, W.; Hall, A.].; Perera, R.A.;
Abdelkhalek, M.M.; Peiris, J.S.; et al. Asymptomatic MERS-CoV Infection in Humans Possibly Linked to
Infected Dromedaries Imported from Oman to United Arab Emirates, May 2015. Emerg. Infect. Dis. 2015, 21,
2197-2200. [CrossRef] [PubMed]

Reusken, C.B.; Farag, E.A.; Haagmans, B.L.; Mohran, K.A.; Godeke, G ].t.; Raj, S.; Alhajri, E; Al-Marri, S.A;
Al-Romaihi, H.E.; Al-Thani, M.; et al. Occupational Exposure to Dromedaries and Risk for MERS-CoV
Infection, Qatar, 2013-2014. Emerg. Infect. Dis. 2015, 21, 1422-1425. [CrossRef] [PubMed]

Azhar, E.I; El-Kafrawy, S.A.; Farraj, S.A.; Hassan, A.M.; Al-Saeed, M.S.; Hashem, A.M.; Madani, T.A.
Evidence for camel-to-human transmission of MERS coronavirus. N. Engl. ]. Med. 2014, 370, 2499-2505.
[CrossRef] [PubMed]

Memish, Z.A.; Cotten, M.; Meyer, B.; Watson, S.J.; Alsahafi, A.J.; Al Rabeeah, A.A.; Corman, V.M.; Sieberg, A_;
Makhdoom, H.Q.; Assiri, A.; et al. Human infection with MERS coronavirus after exposure to infected
camels, Saudi Arabia, 2013. Emerg. Infect. Dis. 2014, 20, 1012-1015. [CrossRef] [PubMed]

Drosten, C.; Kellam, P.; Memish, Z.A. Evidence for camel-to-human transmission of MERS coronavirus.
N. Engl. ]. Med. 2014, 371, 1359-1360. [CrossRef] [PubMed]

Farag, E.A ; Reusken, C.B.; Haagmans, B.L.; Mohran, K.A ; Stalin Raj, V.; Pas, S.D.; Voermans, J.; Smits, S.L.;
Godeke, G.J.; Al-Hajri, M.M.; et al. High proportion of MERS-CoV shedding dromedaries at slaughterhouse
with a potential epidemiological link to human cases, Qatar 2014. Infect. Ecol. Epidemiol. 2015, 5, 28305.
[CrossRef] [PubMed]

Madani, T.A.; Azhar, E.I; Hashem, A.M. Evidence for camel-to-human transmission of MERS coronavirus.
N. Engl. ]. Med. 2014, 371, 1359-1360. [CrossRef]

Muller, M.A.; Meyer, B.; Corman, V.M.; Al-Masri, M.; Turkestani, A.; Ritz, D.; Sieberg, A.; Aldabbagh, S.;
Bosch, B.].; Lattwein, E.; et al. Presence of Middle East respiratory syndrome coronavirus antibodies in Saudi
Arabia: A nationwide, cross-sectional, serological study. Lancet Infect. Dis. 2015, 15, 559-564. [CrossRef]
Adney, D.R.; van Doremalen, N.; Brown, V.R.; Bushmaker, T.; Scott, D.; de Wit, E.; Bowen, R.A.; Munster, V.J.
Replication and shedding of MERS-CoV in upper respiratory tract of inoculated dromedary camels. Emerg.
Infect. Dis. 2014, 20, 1999-2005. [CrossRef] [PubMed]

Wang, L.; Shi, W.; Joyce, M.G.; Modjarrad, K.; Zhang, Y.; Leung, K.; Lees, C.R.; Zhou, T.; Yassine, HM.;
Kanekiyo, M.; et al. Evaluation of candidate vaccine approaches for MERS-CoV. Nat. Commun. 2015, 6, 7712.
[CrossRef] [PubMed]

Adney, D.R;; Bielefeldt-Ohmann, H.; Hartwig, A.E.; Bowen, R.A. Infection, Replication, and Transmission
of Middle East Respiratory Syndrome Coronavirus in Alpacas. Emerg. Infect. Dis. 2016, 22, 1031-1037.
[CrossRef] [PubMed]

Eckersley, A.M.; Petrovsky, N.; Kinne, J.; Wernery, R.; Wernery, U. Improving the Dromedary Antibody
Response: The Hunt for the Ideal Camel Adjuvant. J. Camel Pract. Res. 2011, 18, 35-46.

Modjarrad, K.; Moorthy, V.S.; Ben Embarek, P.; van Kerkhove, M.; Kim, J.; Kieny, M.P. A roadmap for
MERS-CoV research and product development: Report from a World Health Organization consultation.
Nat. Med. 2016, 22, 701-705. [CrossRef] [PubMed]

Middleton, D.; Pallister, J.; Klein, R.; Feng, Y.R.; Haining, J.; Arkinstall, R.; Frazer, L.; Huang, J.A,;
Edwards, N.; Wareing, M.; et al. Hendra virus vaccine, a one health approach to protecting horse, human,
and environmental health. Emerg. Infect. Dis. 2014, 20, 372-379. [CrossRef] [PubMed]

Hemida, M.G,; Perera, R.A.; Wang, P.; Alhammadi, M.A ; Siu, L.Y; Li, M.; Poon, L.L.; Saif, L.; Alnaeem, A.;
Peiris, M. Middle East Respiratory Syndrome (MERS) coronavirus seroprevalence in domestic livestock in
Saudi Arabia, 2010 to 2013. Euro Surveill. 2013, 18, 20659. [CrossRef] [PubMed]

Van Doremalen, N.; Hijazeen, Z.S.; Holloway, P.; Al Omari, B.; McDowell, C.; Adney, D.; Talatha, H.A.;
Guitian, J.; Steel, J.; Amarin, N.; et al. High Prevalence of Middle East Respiratory Coronavirus in Young
Dromedary Camels in Jordan. Vector-Borne Zoonotic Dis. 2017, 17, 155-159. [CrossRef] [PubMed]
Haagmans, B.L.; van den Brand, ].M.; Raj, V.S,; Volz, A.; Wohlsein, P.; Smits, S.L.; Schipper, D.;
Bestebroer, T.M.; Okba, N.; Fux, R.; et al. An orthopoxvirus-based vaccine reduces virus excretion after
MERS-CoV infection in dromedary camels. Science 2016, 351, 77-81. [CrossRef] [PubMed]


http://dx.doi.org/10.3201/eid2112.151132
http://www.ncbi.nlm.nih.gov/pubmed/26584223
http://dx.doi.org/10.3201/eid2108.150481
http://www.ncbi.nlm.nih.gov/pubmed/26196891
http://dx.doi.org/10.1056/NEJMoa1401505
http://www.ncbi.nlm.nih.gov/pubmed/24896817
http://dx.doi.org/10.3201/eid2006.140402
http://www.ncbi.nlm.nih.gov/pubmed/24857749
http://dx.doi.org/10.1056/NEJMoa1405858
http://www.ncbi.nlm.nih.gov/pubmed/25271615
http://dx.doi.org/10.3402/iee.v5.28305
http://www.ncbi.nlm.nih.gov/pubmed/26183160
http://dx.doi.org/10.1056/NEJMc1409847
http://dx.doi.org/10.1016/S1473-3099(15)70090-3
http://dx.doi.org/10.3201/eid2012.141280
http://www.ncbi.nlm.nih.gov/pubmed/25418529
http://dx.doi.org/10.1038/ncomms8712
http://www.ncbi.nlm.nih.gov/pubmed/26218507
http://dx.doi.org/10.3201/eid2206.160192
http://www.ncbi.nlm.nih.gov/pubmed/27070385
http://dx.doi.org/10.1038/nm.4131
http://www.ncbi.nlm.nih.gov/pubmed/27387881
http://dx.doi.org/10.3201/eid2003.131159
http://www.ncbi.nlm.nih.gov/pubmed/24572697
http://dx.doi.org/10.2807/1560-7917.ES2013.18.50.20659
http://www.ncbi.nlm.nih.gov/pubmed/24342517
http://dx.doi.org/10.1089/vbz.2016.2062
http://www.ncbi.nlm.nih.gov/pubmed/28009529
http://dx.doi.org/10.1126/science.aad1283
http://www.ncbi.nlm.nih.gov/pubmed/26678878

Viruses 2019, 11, 212 13 of 13

36. Muthumani, K.; Falzarano, D.; Reuschel, E.L.; Tingey, C.; Flingai, S.; Villarreal, D.O.; Wise, M.; Patel, A.;
Izmirly, A.; Aljuaid, A.; et al. A synthetic consensus anti-spike protein DNA vaccine induces protective
immunity against Middle East respiratory syndrome coronavirus in nonhuman primates. Sci. Transl. Med.
2015, 7, 301ra132. [CrossRef] [PubMed]

37.  Crameri, G.; Durr, P.A,; Klein, R.; Foord, A.; Yu, M.; Riddell, S.; Haining, J.; Johnson, D.; Hemida, M.G.;
Barr, J.; et al. Experimental Infection and Response to Rechallenge of Alpacas with Middle East Respiratory
Syndrome Coronavirus. Emerg. Infect. Dis. 2016, 22, 1071-1074. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1126/scitranslmed.aac7462
http://www.ncbi.nlm.nih.gov/pubmed/26290414
http://dx.doi.org/10.3201/eid2206.160007
http://www.ncbi.nlm.nih.gov/pubmed/27070733
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Vaccine Development 
	Ethics Statement 
	Study Design 
	Immunization and Serology 
	Virus Titration 
	RNA Extraction and qRT-PCR 
	MERS-CoV Spike Glycoprotein Sequencing 
	Histopathology and Immunohistochemistry 
	Statistical Analysis 

	Results 
	Humoral Responses in Dromedary Camels and Alpaca Vaccinated against MERS-CoV 
	Vaccine Efficacy in Preventing MERS-CoV Disease and Virus Shedding 
	Histopathological Changes in Vaccinated Versus Control Animals 

	Discussion 
	References

